Abstract The San and Khoe people currently represent remnant groups of a much larger and widely distributed population of hunter-gatherers and pastoralists who had exclusive occupation of southern Africa before the arrival of Bantu-speaking groups in the past 1,200 years and sea-borne immigrants within the last 350 years. Genetic studies [mitochondrial deoxyribonucleic acid (DNA) and Y-chromosome] conducted on San and Khoe groups revealed that they harbor some of the most divergent lineages found in living peoples throughout the world. Recently, high-density, autosomal, single-nucleotide polymorphism (SNP)-array studies confirmed the early divergence of Khoe-San population groups from all other human populations. The present study made use of 220 autosomal SNP markers (in the format of both haplotypes and genotypes) to examine the population structure of various San and Khoe groups and their relationship to other neighboring groups.
). Additionally, in autosomal studies, San people group in a distinct cluster from that of Bantu speakers (Cavalli-Sforza et al. 1994; Jakobsson et al. 2008; Li et al. 2008; Pickrell et al. 2012; Rosenberg et al. 2002; Schlebusch et al. 2012; Tishkoff et al. 2009 ). Thus, these unique populations of huntergatherers who carry genetic variation belonging to the deepest clades known among modern humans are crucial links to the past. However, it is becoming increasingly difficult to study these groups because the Khoe-San groups are losing their cultural identities, lifestyles, and languages, and they are integrating into surrounding groups.
The term "Khoe-San" has a collective meaning for two groups of people: the Khoi (old Nama word) or Khoe (modern Nama word), who were traditionally the pastoralist groups and the San, who included the hunter-gatherer groups (Crawhall 2006; Schlebusch 2010) . This grouping was made according to the traditional division that existed between hunter-gatherers and pastoralists. Different San and Khoe groups are distributed throughout southern Africa, where they live among and, to some extent, are admixed with the various Bantuspeaking populations surrounding them (Barnard 1992; Le Roux and White 2004; Smith et al. 2000) . To classify Khoe-San groups into their individual ethnic groups is, in many ways, problematic. Different words and spellings have been used to refer to the same groups of people over the years. Linguistic classification is the method most commonly used to identify different groups, but it is unclear that linguistic classification reflects genetic relationships.
Linguistic studies indicate that the three separate linguistic families for the southern Khoisan linguistic division and East Africa have two additional languages classified as Khoisan (namely, Hadza and Sandawe). The three southern Khoisan language groups are Ju (previously classified as Northern Khoisan), Tuu (previously classified as Southern Khoisan), and Khoe (previously classified as Central Khoisan) (Güldemann 2008) . These linguistic families are either unrelated or have genealogical relationships that extend further back than 10,000 years (Güldemann in press) . Linguistic evidence supports the possibility that the Ju and Tuu branches may share a deep common ancestor and were associated with the original San hunter-gatherers, whereas the Khoe branch was introduced to the area later (in conjunction with pastoralism) by an East-African group (Güldemann in press, 2008) . Accordingly, a putative linguistic link between the Khoe linguistic branch and the East-African Sandawe Khoisan linguistic branch was proposed (Güldemann in press, 2008) . From genetic studies, based on Y-chromosome markers in the !Xun and Khwe groups and various East-African groups, it was theorized that the Khwe is a descendant group from the East-African pastoralists who introduced sheep into southern Africa (Henn et al. 2008) .
Although the San and Khoe groups are relatively small populations today, their genetic contribution to the Colored population of South Africa may be substantial (De Wit et al. 2010; Patterson et al. 2010; Quintana-Murci et al. 2010 ). To understand the underlying genetic factors in an admixed population, it is important to study the parental populations.
Various genetic studies published results on Khoisan groups (Chen et al. 2000; Cruciani et al. 2002 Cruciani et al. , 2004 Henn et al. 2008; Jakobsson et al. 2008; Jobling and Tyler-Smith 2003; Knight et al. 2003; Li et al. 2008; Rosenberg et al. 2002 Rosenberg et al. , 2005 Scozzari et al. 1997 Scozzari et al. , 1999 Semino et al. 2002; Tishkoff et al. 2007 Tishkoff et al. , 2009 Underhill et al. 2000 Underhill et al. , 2001 Vigilant et al. 1991) . These studies, however, were not representative of all the linguistic families and collectively included only two Ju-speaking groups (namely, the Ju/'hoansi and the !Xun) and one Khoespeaking group (namely, the Khwe). Recently, two independent studies described genetic results obtained from high-density genome-wide SNP-arrays (for an extensive collection of Khoe and San groups), representing all three main southern Khoisan linguistic divisions (Pickrell et al. 2012; Schlebusch et al. 2012) . The current article presents genetic results (for 181 individuals) that overlap with Khoe, San, Colored, and Bantu-speaking individuals from Schlebusch et al. (2012) , an additional 102 individuals from the aforementioned population groups, and 69 individuals from four other population groups-the South-African Indian population (25 individuals), the South-African Afrikaner population (15 individuals), a Bantu-speaking group from the DRC (14 individuals), and a group of random European origins (15 individuals) (Table 1) . Results from the present study differ from the results presented in Schlebusch et al. (2012) -that is, a specific selection of 220 genome-wide SNPs (of which only 56 overlap with SNPs typed in Schlebusch et al. (2012) is employed to effectively reveal population structure through the use of short inferred haplotypes.
Many studies have discussed the utility of employing haplotypes (Browning and Weir 2010; Gattepaille and Jakobsson 2012; Lawson et al. 2012; Morin et al. 2009 ), and it has been shown that combining closely situated markers [that are in linkage disequilibrium (LD)] significantly improves the ability to assign individuals to population groups (Gattepaille and Jakobsson 2012) . Haplotype loci are multi-allelic, and therefore more information about ancestry is available per locus. A further very useful and beneficial property of haplotype loci is that they are less affected by ascertainment bias (Browning and Weir 2010) . The available information on variant positions in the human genome (such as SNPs) has been predominantly obtained from certain population groups from specific geographic regions. This led to a situation where known SNP variants are biased toward SNPs at high frequency in European, East-Asian, and, to a certain extent, West-African populations. SNP studies that do not correct for this inherent ascertainment bias will always overestimate genetic variation in these populations and underestimate genetic variation in other populations. Combining SNPs into haplotypes greatly alleviates the effect of ascertainment bias because haplotypes are represented by multiple patterns of SNPs. In the present study, we opted to make use of the advantageous properties of haplotype loci and therefore carefully selected a small number of SNPs in a very specific way to facilitate both haplotypic and genotypic analyses. We then compared results from the haplotype Country abbreviations: AN, Angola; BT, Botswana; DRC, Democratic Republic of Congo; NM, Namibia; SA, South Africa.
c.
Number of individuals also represented in another published study (Schlebusch et al. 2012 ).
d.
See Schlebusch et al. (2011) for more details on groups.
e.
The GUG group was a mixed group of San and Bantu-speaking individuals who had ancestries from both /Gui and //Gana San groups as well as the Kgalagari Bantu-speaking group.
f.
Includes Zulu (ZUL), Sotho, and Tswana individuals (SOT).
g.
According to Sharp and Douglas (1996) .
analyses and the genotype analyses and discussed their relative abilities to uncover population substructure in our sample set.
Materials and Methods
Subjects. DNA samples from 352 unrelated individuals were collected with the subjects' informed consent, and the project was approved by the Human Research Ethics Committee (Medical) at the University of the Witwatersrand, Johannesburg (Protocol Number: M050902), the Working Group of Indigenous Minorities in Southern Africa (WIMSA), and the South African San Council. A description of sample groups, group codes, group membership, linguistic grouping, number of individuals, place of sampling, and origin are outlined in Table 1 . The overlap between samples of the present study and those of Schlebusch et al. (2012) is also summarized in Table 1 .
Terms to describe the populations in this manuscript were chosen to be as unambiguous as possible while simultaneously being nonoffensive to any population group. The people of mixed ancestry who participated in our study preferred to be classified as Colored and did not perceive the term as derogatory. Furthermore, the terms "San" and "Khoe" were used in the manuscript to refer to groups of people who are known descendants of the hunter-gatherers (San) and pastoralists (Khoe) who occupied southern Africa before Bantu-speaking groups arrived. "San" or "Khoe" (and if need be Khoe-San) is the preferred term recommended by San communities (represented by the "Working Group of Indigenous Minorities in Southern Africa" and the "South African San Institute") (Crawhall 2006; Schlebusch 2010) . DNA Extraction. DNA from ethylenediaminetetraacetic acid (EDTA)-blood was extracted by use of the salting-out method described by Miller et al. (1988) , and the PureGene Genomic DNA Purification Kit (Gentra Systems) was used to extract DNA from buccal swabs according to the manufacturer's instructions.
SNP Selection and Typing.
A total of 220 autosomal SNPs was specifically selected in the following way: 10 SNPs per chromosome (chromosomes 1 to 22) were selected; the 10 SNPs per chromosome were selected in two groups of 5-linked SNPs; and the two groups of 5-linked SNPs were completely unlinked from one another ( Figure A1 , Appendix). The 5 SNPs in the 5-SNP group were selected to be on the same haploblock. To select SNPs on the same haploblock, the software SNPbrowserTM v3.1 (Applied Biosystems) was used, and both HapMap and Applied Biosystems (ABI) SNP databases were considered. In the ABI database, haplotype blocks from the African-American study group were considered, and in the HapMap database, haplotype blocks from the Yoruba study group were considered. Not one of these two study groups is Khoe-San, but these were the closest-related population groups from which sufficient SNP data were available at the time of SNP selection. SNPs were selected to be on the same haploblock in the Yoruba group and preferentially also on the same haploblock in the African-American group. The average distance between consecutive selected SNPs in the same haploblock was 4,347 bp (STD ϭ 3,730.8 bp) (Table A1 , Appendix). The haploblocks that contained the SNPs were not associated with any known coding part of the genome; therefore, neutral genetic variation was targeted, and influence of selection was minimized. Furthermore, SNPs were selected to have a minor allele frequency above 10% in the African population groups. The full list and details of selected SNPs are included in Table  A1 in the Appendix.
SNPs were selected in this fashion to allow for multiple types of analyses with the same data set. First, the selection allows for the compilation of multiple different genotype sets with 44 unlinked polymorphisms in each, by selecting one SNP per SNP group (of 5-linked SNPs) ( Figure A1 , Appendix). Furthermore, haplotypes can be inferred for SNPs on the same haploblock; these short, inferred haplotypes can be used in similar and additional analyses than for unlinked genotypic SNPs (see below), and results can be compared. In the haplotypebased analyses, each 5-SNP set was treated as a multi-allelic locus in which each allele is represented by a unique 5-SNP haplotype.
All autosomal SNPs were typed commercially (by Harvard-Partners Centre for Genetics and Genomics, Genotyping Facility, Cambridge, Massachusetts, United States) by means of Sequenom iPLEX SNP genotyping. Multiplex polymerase chain reaction (PCR) assays were designed with Sequenom SpectroDESIGNER software (version 3.0.0.3). Genotypes generated were subjected to quality control (QC), and 7 of the 220 loci were excluded because of poor assay quality (indicated Table A1 in the Appendix).
Data Analyses. For genotypic analysis, 100 different genotype data sets with 44 unlinked SNP polymorphisms in each were compiled by randomly selecting 1 SNP per SNP-group (of 5-linked SNPs) from the same typed set of 220 SNPs (see Appendix, Figure A1 ). To generate the haplotypic data set, the 5-linked SNPs on the same haploblock were used to infer 44 haplotypes consisting of 5 bp each. The haplotypes were inferred separately for each population and each SNP set of 5 with POWERMARKER v3.25 (Liu and Muse 2005) .
Expected heterozygosity (per population) for the 100 different genotypic SNP data sets (as well as for the haplotypic data set) was calculated with POWERMARKER v3.25 (Liu and Muse 2005) . For the 100 genotypic data sets, the mean expected heterozygosity and the standard deviation across the 100 data sets were then calculated.
The mean number of distinct haplotype alleles per locus (allelic richness) and the mean number of private haplotype alleles per locus (private allelic richness) were computed for each population in the haplotypic data set with ADZE v.1.0 (Szpiech et al. 2008) . The program uses a rarefaction method (Kalinowski 2004 ) that corrects for the sample size across populations.
Population structure signified by the short haplotypes and genotypes was assessed with the clustering approach implemented in STRUCTURE v2.2 (Falush et al. 2003 (Falush et al. , 2007 Pritchard et al. 2000) . For the haplotypic data set, we replicated the STRUCTURE analysis 10 times for each choice of assumed clusters (K), from K ϭ 2 to K ϭ 10. Each replicate STRUCTURE run used a burn-in period of 50,000 repeats, followed by 100,000 repeats. Allele frequencies were correlated, and a model with admixture was assumed for all runs. The 10 replicates for each choice of K were summarized with CLUMPP version 1.1.1 (Jakobsson and Rosenberg 2007) to identify common modes among replicates. The CLUMPP analysis used the LargeKGreedy algorithm with 10,000 random permutations. Common solutions were identified by looking at the CLUMPP pairwise GЈ values. All pairs with a symmetric similarity coefficient GЈ 0.9 were selected to be representative of a single mode. For each K, we used the most frequently occurring mode identified and ran CLUMPP a second time (with the LargeKGreedy algorithm and 10,000 random permutations), using only the replicates belonging to this mode. From the second analysis, we obtained the mean across the replicates of the cluster membership coefficients of each individual, for each mode at each value of K. The clustering results were visualized with DISTRUCT (Rosenberg 2004) .
For genotypic data set, STRUCTURE was run on the 100 different SNP sets separately. The STRUCTURE analyses of the 100 sets of 44 unlinked SNPs were conducted with the same parameters as for the short haplotypes. For the summarizing of STRUCTURE output, the 10 iterations at each K for each of the 100 SNP sets were collapsed into one consensus run with CLUMPP (Jakobsson and Rosenberg 2007) , using the same procedure as described for haplotypes. Thereafter, the consensus runs of the 100 sets of random SNPs were collapsed into one consensus run at each K with CLUMPP v1.1.1 and visualized with DISTRUCT (Rosenberg 2004) .
We furthermore constructed population-distance matrices for both haplotypic and genotypic data sets. The same haplotypic data set and 100 genotypic data set used in the STRUCTURE analysis were also used in distance-based analysis. To construct population-distance matrices of the haplotypic data set and each of the 100 genotypic data sets, Reynolds distance (Reynolds et al. 1983 ) was used as implemented in POWERMARKER v3.25 (Liu and Muse 2005) , and Neighbor Joining (NJ) trees were constructed from each matrix. To condense the 100 different NJ trees generated from genotypic data into one output, a Majority Rule consensus tree was constructed with CONSENCE implemented in PHYLIP v.3.65 (Felsenstein 2004) .
Results
Summary Statistics. Expected heterozygosities for populations based on the 44 short 5-SNP haplotypes differed from the mean expected heterozygosity estimated based on 100 random combinations of 44 unlinked SNPs (Table 2) . For both data types, non-African populations had lower estimates compared with African populations. However, for estimates based on genotypic data, the Bantu-speaking and admixed populations generally had the highest estimates, and Khoe and San groups had lower, whereas for the haplotype-based estimates, both Khoe-San and Bantu speakers rank among the top and bottom African populations. The Khoe population, the Nama, had the highest estimates, followed by the southeast Bantu speakers and the Karretjie People, a group with San ancestry.
The allelic diversity of inferred haplotypes was further investigated by calculating the mean number of distinct alleles and the mean number of private alleles as a function of a standardized sample size (Figure 1 ). The Nama, Karretjie People, and Khwe were the richest in distinct alleles per locus, whereas the non-African populations had the fewest distinct alleles per locus. The mean number of the private alleles per locus was the highest for the /Gui ϩ //Gana, the Nama, and the Ju/'hoansi group, whereas the non-African groups and southern Bantu-speaking groups (SEB and HER) had the lowest frequency.
Structure Analyses. The averaged results of the STRUCTURE runs for the 100 different genotypic SNP sets (of 44-unlinked SNPs) are shown in Figure 2A and B and Table A2 (Appendix). The iterations were done for K ϭ 2 to K ϭ 10. Iterations for K ϭ 2 to K ϭ 5 are shown (only K ϭ 2 and K ϭ 3 contained population-structure information).
The highest resolution obtained with the genotypic data was three discernible groups (at K ϭ 3)-non-African, Khoe-San, and Bantu-speakers. Clustering at K ϭ 2 separated non-African from African; at K ϭ 3, the African cluster is divided into a Khoe-San and Bantu-speaking component, whereas further clustering failed to distinguish more structure within the data set [higher order clustering (K ϭ 4 to K ϭ 10) continued to resolve the Bantu-speaker cluster internally with no further substructure between study populations]. Different amounts of admixture into the different Khoe-San groups from Bantu speakers and non-Africans were clearly visible at K ϭ 2 and K ϭ 3 (Appendix, Table A2 ). The southern Khoe-San and Colored groups (KAR, COL, CAC, and also NAM) had more input from the non-African cluster compared with the northern (JOH, XUN) and central San (KWE, GUG) and Bantu speakers. The southern group with the least amount of admixture from non-African groups was the Karretjie People. The Karoo-Colored group that resides nearby the Karretjie People had much higher contributions from the non-African cluster. The Cape-Colored group had the highest input from the non-African cluster.
Except for the Ju/'hoansi group, STRUCTURE results supported asymmetric gene flow between the Bantu-speakers and Khoe-San groups with more gene flow from the Bantuspeakers into the Khoe-San than vice-versa. The Ju/'hoansi, !Xun, Karretjie People, and Nama were the only groups in which the Khoe-San cluster had a greater contribution than any of the other two clusters. In the /Gui ϩ //Gana and Kgalagari groups (GUG), the Bantu-speaking cluster contributed marginally more than the Khoe-San cluster. The Khwe had the largest input from the Bantu-speaking cluster of all the Khoe-San groups.
Gene flow from the Khoe-San into the southern African Bantu speakers (HER and SEB) is also evident. Seven percent more input from the Khoe-San cluster was seen in the southern Bantu-speakers compared with the central African Bantu-speakers (DRC) (Appendix, Table A2 ). The Khoe-San component in the central African Bantu-speakers is most likely a result of shared markerancestry (SNPs that are not variable between the two populations caused by common ancestry before population divergence) and the low total number of SNPs in the genotypic data set.
The European group also had some contribution from the African cluster (likely because of shared marker-ancestry and low numbers of typed SNPs); however, the increased African-cluster allocation in the Afrikaner group compared with Europeans was probably a result of recent admixture with African groups.
Whereas inferences about admixture proportions could be made from the STRUCTURE analyses based on genotypes, finer levels of structure within Khoe-San groups were not evident. Haplotype analysis, however, revealed finer level structure to the extent that, at K ϭ 9, most Khoe-San groups had unique cluster components that identified their populations (Figure 2, C and D) . As was seen for the genotypic analysis, K ϭ 2 and K ϭ 3 defined the non-African and Bantu-speaking components. However, contrasted with genotypic analysis, K ϭ 4 reveals substructure within the Khoe-San group with the two Ju-speaking northern San groups, !Xun and Ju/'hoansi, forming their own cluster separate from other Khoe-San groups. K ϭ 5 divides the Khoe-San into three clusters containing the !Xun and Ju/'hoansi, Khwe and /Gui, //GanaϩKgalagari, and Nama and Karretjie People. The two Colored groups seem to attribute most of their Khoe-San component to these two newest clusters and not to the cluster representing the northern Juspeakers. At K ϭ 6, a cluster emerges, which seems to have some representation in most of the groups, but has the highest representation in the Khwe, and when allowing seven clusters, an additional Khwe cluster, uniquely associated with the Khwe, emerges (this cluster is mostly associated with specific Khwe individuals). With eight assumed clusters, the two northern Ju-speakers, !Xun and Ju/'hoansi, split to form two separate clusters, and at K ϭ 9, a cluster is associated with the Karretjie People, which separates them from the Nama group (although they still contain appreciable frequencies of the predominant Nama cluster, especially high in specific individuals).
Thus, at K ϭ 9, we have obvious clusters associated with each of the following groups: non-Africans, Bantu speakers, Ju/'hoansi, !Xun, /Gui, //GanaϩKgalagari, Nama, and Karretjie People. The only Khoe-San group without a predominant specific cluster is the Khwe, who appears to be a highly mixed group with inputs from both Bantu speakers and various Khoe-San groups, in addition to a small amount of unique genetic variation. In contrast to the substructure emerging for the Khoe-San groups, the Bantu-speaking and nonAfrican clusters stayed homogenous, in spite of a large geographic divide between some of these groups.
Distance-Based Analysis. The genotypic data set (100 different genotypic SNP sets of 44-unlinked SNPs) and the haplotype data set (44 short 5-SNP haplotypes) were also used in distance-based analysis, visualized in the form of radial NJ trees (Figure 3) . The tree based on genotypes is the consensus tree of the 100 different NJ trees from the 100 SNP sets of 44 SNPs, and the branch support indicated on the tree is derived from the amount of times a specific node is supported by one of the 100 SNP sets ( Figure 3A) . The distance-based analysis of both genotypes and haplotypes reflects the genotype and haplotype STRUCTURE results-non-Africans are separated from Africans, Bantuspeakers group together, and admixed Colored populations are placed in-between Africans and non-Africans. As with STRUCTURE analysis, distance-based analyses (based on haplotypes) give a better representation of the internal substructure within the Khoe-San group. The haplotype-based distances reduce the effect of non-African admixture on the Karretjie People and Nama groups, and they are grouped with the other Khoe-San groups, seen in the STRUCTURE analysis. The Khwe group in the haplotype analysis is also grouped with the Bantu speakers rather than the Khoe-San, which also seems a better grouping because their large Bantu-speaking admixture fraction is apparent from both genotypic and haplotypic STRUCTURE analyses.
Discussion
This study reports on population structure within the Khoe-San and neighboring population groups, which is revealed by two different types of data sets. For the genotypic data set, 44 unlinked SNPs were randomly selected from the total 220 SNPs (as explained in the Methods section and Appendix Figure  A1) . A hundred different such 44 unlinked-SNP data sets were constructed and Figure 3 . NJ trees based on distance matrices generated from genotypic data set (A) and haplotypic data set (B). The tree based on genotypes (A) is the consensus tree of the 100 different NJ trees from the 100 SNP sets of 44 SNPs, and branch support indicated on the tree is derived from the amount of times a specific node is supported by one of the 100 SNP sets. The branch support of the tree based on the haplotypic data set (B) is the result of 100 bootstrap replicates on the same distance matrix.
applied in the calculation of summary statistics, STRUCTURE, and distancebased analyses. Additionally, a data set based on short haplotypes was created, consisting of 44 short inferred haplotypes (5 SNPs each) spread over the 22 autosomes. For these 44 short haplotypes, we also calculated summary statistics, STRUCTURE, and distance-based analyses; we compared results with results based on genotypic data sets. In addition, the short haplotypes were used to calculate haplotype allele frequencies and private allele frequencies. Khoe-San groups had the highest frequencies of distinct and private haplotype alleles, and non-African groups had the lowest, whereas the Bantu speakers had intermediate frequencies (Figure 1) . Except for the southeast Bantu-speaking group, this pattern is also seen for haplotype heterozygosity estimates. From these estimates, it appears that Khoe-San groups have more diversity than Bantu-speaking groups, and Africans have more than nonAfricans. The difference is not as clear-cut between Bantu speakers and Khoe-San as between Africans and non-Africans, and the large amounts of admixture proportions into and between most of the study groups also will have an effect on estimates. Schlebusch et al. (2012) illustrated the utility of haplotype heterozygosity, haplotype richness, and private allelic richness as summary statistics. As seen in the high-density SNP study of Schlebusch et al. (2012) , the present study also showed a clear distinction between non-African and African populations, whereas the pattern within Africa was less clear. A direct comparison between the two studies is not possible because Schlebusch et al. (2012) removed recently admixed individuals from the analysis, which was not done for the present study. However, for both studies, it seemed that admixture events (both recent and older events) influence African patterns to a large extent.
Haplotype loci are ideal for estimating the haplotype richness and private haplotype richness summary statistics because they were designed for multiallelic loci and are not useful for bi-allelic SNP loci. Furthermore, haplotype heterozygosity, rather than SNP heterozygosity, alleviates the effect of ascertainment bias in SNP studies. Even though SNPs from this study have been specifically selected to be heterozygous in African populations, the effect of ascertainment bias can still be seen when comparing haplotype heterozygosity and heterozygosity estimates (Table 1) . First, resulting from general global ascertainment bias of SNPs, the difference between the lowest ranked population (non-African-EUR in both cases) and the highest ranked African population is more pronounced when considering haplotype heterozygosity, compared with SNP heterozygosity. Secondly, the ascertainment bias introduced by the SNPselection procedure of this specific study (western African Yoruba and African Americans were used as reference populations) is clearly visible. For SNP heterozygosity, all the Bantu-speaking populations (HER, SEB, DRC), who are genetically close to the western Africans, are among the top populations. When considering haplotype heterozygosity, however, the study-specific ascertainment bias is alleviated, and HER and DRC populations move to the lower end of the spectrum, closer to non-African populations. This illustrates the power of haplotypes to alleviate the effect of both general SNP ascertainment bias and study-specific SNP ascertainment bias.
STRUCTURE results illustrated the different amounts of non-African and Bantu-speaking admixture into the various Khoe-San and Colored populations. Results supported very low levels of contribution from non-Africans to the northern and central San populations (Ju/'hoansi, !Xun, /Gui,//GanaϩKgalagari, and Khwe) and Bantu speakers. For these populations, it is most likely that this low level of non-African cluster contribution is a result of shared marker ancestry. Conversely, the southern Khoe-San and Colored groups (Karretjie People, Nama, Karoo Colored, and Cape Colored) showed evidence of a higher non-African admixture. Schlebusch et al. (2012) also noted the high non-African admixture for these groups, whereas Pickrell et al. (2012) described high non-African admixture in the Nama (Colored groups and the Karretjie People were not present in this study). Similar to Schlebusch et al. (2012) , the Cape-Colored group (CAC) had the highest input from the non-African cluster. This is consistent with history, because this group was sampled at Wellington (near Cape Town), which is within the region where the original Cape Colony started. It is well-known that, during the starting years of the colony, very high incidents of mixed unions between colonists, local Khoe and San women, and imported slaves occurred (Greeff 2007 , Heese 1971 , which, in part, gave rise to the Colored population from this area. Other independent genetic studies also reported high non-African contributions to Colored groups from this region (De Wit et al. 2010 , Patterson et al. 2010 , although gender-biased admixture from Khoe-San females was clear (Quintana-Murci et al. 2010 ). This history is also evident in the STRUCTURE results for another population group in this study; the increased African-cluster allocation in the Afrikaner group compared with the European group illustrates gene flow from Africans into the Afrikaner population. An increased African cluster is also seen in the South-African Indian group (compared with Europeans). The South-African Indian population is largely descended from Indians who arrived in South Africa from 1860 onward as indentured laborers to work on sugar-cane plantations (Giliomee and Mbenga 2010) . From the STRUCTURE analysis, it appears that the Afrikaner and Indian populations had similar amounts of gene flow from African populations ( Figure  2 and Appendix Table A2 ).
Evidence of gene flow from resident Khoe and San groups into the Bantu speakers, after they expanded into southern Africa, was also observed, because Southern Bantu-speaking groups had higher Khoe-San admixture compared with the Bantu speakers from the DRC. Pickrell et al. (2012) and Schlebusch et al. (2012) also reported gene flow from Khoe-San groups into southern Bantu speakers, and Pickrell et al. dated the starting time of admixture to around 1,200 years ago. This date is in agreement with archaeological evidence of when the wave of migrating Bantu speakers started to arrive in southern Africa (Phillipson 2005) . Excluding the Ju/'hoansi, asymmetric gene flow between the Bantu speakers and Khoe-San groups was observed with more gene flow from the Bantu speakers into the Khoe-San than vice-versa. The isolated status of the Ju/'hoansi group was confirmed with a far lower contribution from the Bantu-speaking cluster than any of the other Khoe-San groups. Following the Ju/'hoansi, the !Xun group had the highest contribution from the Khoe-San cluster. The contribution from the Bantu-speaking cluster into the !Xun was more than double that of the Ju/'hoansi group. It is known that the !Xun partly adopted pastoralist practices from surrounding Bantu-speaking groups, whereas the Ju/'hoansi maintained their hunter-gatherer lifestyle, isolating them from pastoralists groups (Barnard 1992; De Almeida 1965; Guenther 1986; Lee 1979; Marshall 1960 ).
An itinerant group from the Karoo region, the Karretjie People, had the third-highest contribution from the Khoe-San cluster. This finding supported historical records and the local opinion that the Karretjie People are descendant from the /Xam San groups that once lived in the Karoo (De Jongh 2002 Schlebusch et al. 2011) . Their Colored neighbors had a much lower input from the Khoe-San cluster.
In support of previous findings based on the classical blood-group markers (Jenkins et al. 1971 (Jenkins et al. , 1986 and results from the high-density SNP-array studies (Pickrell et al. 2012; Schlebusch et al. 2012) , the Khwe had the highest Bantu-speaker admixture of all the Khoe-San groups. Yet, the Khwe showed a much larger contribution from the Khoe-San compared with the Khoe-San component seen in Bantu speakers, indicating that the Khwe is not merely a Bantu-speaking group that adopted the hunter-gatherer lifestyle and a Khoisan language.
Whereas STRUCTURE results based on genotypic data could not illustrate substructure within Khoe-San groups, results from the haplotypic data set indicated a progressively finer level substructure within Khoe-San populations because the numbers of assumed clusters were increased. First, the Ju speakers appeared to cluster together separate from other Khoe-San groups. Furthermore the Karretjie People and Nama groups appeared to cluster together. It is difficult to resolve the relationship of the /Gui,//GanaϩKgalagari and the Khwe groups to the other Khoe-San groups. These two groups both speak languages belonging to the Kalahari-Khoe division of Khoisan, and with initial STRUCTURE clustering, they appear to form a common cluster. However, both groups have large amounts of Bantu-speaking admixture that complicates matters, and with more allowed clusters, the relationship is not that clear anymore. Also, in the haplotype-based NJ tree, the /Gui,//GanaϩKgalagari is located on the Khoe-San branch intermediate to the Ju speakers and the KarretjieϩNama clades, whereas the Khwe clusters with Bantu speakers. This might merely be a result of a higher Bantu-speaking admixture into the Khwe, but in STRUCTURE analyses, the Khwe do not form the same homogeneous cluster seen in the /Gui,//GanaϩKgalagari, but instead appears to be comprised of a group of individuals with different genetic ancestries.
Overall analyses based on haplotypes proved to be much more successful in revealing underlying population substructure than individual SNPs. By using short haplotypes, we were able to achieve the same level of population distinction as in high-density SNP studies such as described in Pickrell et al. (2012) and Schebusch et al. (2012) . The order in which the clusters appeared also corresponds with the high-density SNP studies; first the non-African and African populations are differentiated, and then the Khoe-San and Bantu speakers split into different clusters. Thereafter, internal Khoe-San structure is revealed with the two Ju-speaking northern San populations (Ju/'hoansi and !Xun) splitting off first, followed by the Khoe-speaking Botswana San (/Guiϩ//Ghana and Khwe) being assigned to their own separate clusters each, next a split between the Ju/'hoansi and !Xun appeared, and thereafter a split between the Karretjie and Nama. Thus, it appears that carefully selecting a few SNPs and combining them into haplotypes might be a very efficient and cost-effective way to study population structure.
Conclusion
Findings presented here support the division of the study populations into three main groups-Khoe-San, Bantu speakers, and non-African populations. Results thus confirmed the uniqueness of the genetic makeup of the Khoe-San people, while illustrating the different levels of admixture from the Bantuspeaking and non-African populations into the various San, Khoe, and Colored subgroups. Analyses based on haplotypes indicated further substructure within Khoe-San populations and thus demonstrated the effectiveness of combing SNP markers into haplotypes for the inference population structure. Figure A1 . SNP selection strategy illustrated on a chromosome. Ten SNPs were chosen for each of the 22 autosomes, yielding a total of 220 SNPs.
